Abstract: Changes on texture and crystalline phase of AC-supported Ni-Ca catalyst during dry methane reforming were verified. Characterization by N 2 adsorption, XPS, XRD, TEM and HR-TEM was performed. XPS and XRD analysis suggest that the initial activity can be attributed to a nickel reduced phase formed during helium pre-treatment. TEM showed that a homogeneous distribution of Ni nanoparticles between 10-20nm at the tip of multi-walled carbon nanotubes is formed during reaction. HR-TEM showed diffusion of Ni nanoparticles and the formation of carbon-like nano onions with an interlayer separation of 0.5nm suggesting the formation of a ultra-microporous carbon structure. An increase in surface area from 231m 2 .g -1 to 2405m 2 .g -1 after 90min reaction was found and attributed to an in situ activation of carbon deposits by CO 2 gasification. The present results suggest that introducing CO 2 pulses during reaction carbon-supported Ni-Ca could be employed as potential catalysts for methane and other hydrocarbon reforming reactions at mild experimental conditions.
INTRODUCTION
In the following years is expected an increasing production and conversion of methane because it is the main component of natural gas. Methane can be transformed to syngas by reforming and this mixture of CO and H 2 can be employed to obtain different upgrading molecules as green diesel, methanol and dimethyl ether. Though the supported noble metals catalysts showed the highest activity for methane conversion reactions [1] [2] [3] an economic alternative are nickel-based catalysts [4] [5] [6] [7] . The industrial development of Ni-based catalysts in dry methane reforming is not well established due to its poor stability, mainly by high coking rates and consequent deactivation phenomena [2, 4] . In addition, activity and stability of Ni-based catalysts for methane conversion reactions depend on texture and surface properties of supports [6, 7] . Activated carbon (AC) presents several advantages such as low cost, control of texture and surface chemistry during synthesis, high thermal conductivity, easy recovery of active phase from deactivated catalysts and so on [8, 9] to be employed as catalytic support. However, activated carbon is not a common catalytic support for methane reforming reactions [10] because it can suffer gasification by steam or by CO 2 . Both reactions are spontaneous at about 700ºC but in a preliminary study of dry methane reforming on a carbon-supported Ni-Ca catalyst [11] we showed CO 2 can help control excess of carbon deposits without any detrimental effect on carbon supports after 5h reaction at 650ºC. It was also reported [11] that *Address correspondence to this author at the Engineering of Materials and Nanotechnology Centre, Venezuelan Institute for Scientific Research, I.V.I.C., 20632, Caracas 1020-A, Venezuela; Tel/Fax: +58-212-5041922; E-mail: jmatos@ivic.gob.ve NiCa/AC catalyst pre-treated under helium flow at temperatures from 550 up to 800ºC showed higher methane conversions than those obtained after pre-treatment under H 2 flow. However, contrary to our preliminary work [11] , Chen and co-workers [7] reported that in absence of carbon dioxide or steam an activated carbon-supported nickel-based catalyst was deactivated by Ni 3 C formed during methane decomposition. Li and co-workers [12] found that the catalytic activity of pure Ni catalyst for methane decomposition was related to the crystalline size of reduced Ni. They pointed out that during reaction Ni particles suffered important changes. They suggested that carbon deposits in the shape of carbon nanofilaments affect both size and morphology of metallic nickel crystals and these same authors [13] found that the diameter of carbon filaments is controlled by the size of catalyst particles. The objective of this work is to study the changes on texture and crystalline phase of AC-supported Ni-Ca catalyst during dry methane reforming at mild experimental conditions and to correlate these changes with activity and stability of catalyst.
EXPERIMENTAL
Ni(5wt%)-Ca(1wt%) catalyst was prepared by incipient wetness impregnation with nickel and calcium nitrate solutions on a commercial activated carbon (AC) purchased from Merck [Langmuir surface area 907m 2 g -1 , 22Å mean pore width, ash content <1wt%] following the procedure described in previous works [10, 11] . Impregnation order is given by the sequence of elements, i.e., Ni followed by Ca. This catalyst was chosen because in a previous study [10] it showed the best activity for dry methane reforming. Characterization by N 2 adsorption-desorption isotherms, Xray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and transmission electron microscopy (TEM, HR-TEM) was performed. N 2 adsorption-desorption isotherms permit to verify the changes in textural properties of the catalysts. XPS spectra permit to verify mainly the change in electronic states of nickel and its interaction with carbon support. XRD patterns permit to verify the changes in crystalline phases of nickel species and the presence of metallic carbides crystallites. TEM studies permit to verify the changes in morphology and topology of the catalyst. Exsitu XPS was carried out in an ESCALAB 220i-XL spectrometer (VG Scientific) equipped with a hemispherical electron analyzer and a double anode Mg-Al nonmonochromatic X-ray source. The pressure in the analysis chamber was kept below 10 -9 Torr. Samples were protected from exposition to the atmosphere by immersion into an ultra-dry hydrocarbon solvent (purified heptanes) while transferring from the reactor to the chamber of the spectrometer. Texture characterization was performed by N 2 adsorption-desorption isotherms at 77K. The full isotherms in the range of 4x10 -3 to 84 kPa were measured in a Micromeritics ASAP-2010. Surface area, micropore area, pore volume and pore diameters were obtained by Langmuir isotherms, t-plot method and Harkins-Jura [14] method, respectively. These methods were employed because they permit an accounting for the adsorbed layer on pore walls, when calculating pore size distribution, and they are very useful when different types of pores are involved. Langmuir isotherm and Harkins-Jura method are appropriate for the present case because samples contain slits and spherical pores. Powder X-ray diffraction (XRD) patterns were recorded in the range of 2 = 10-80º on a D-5005 diffractometer from Siemens with Cu K (1.54056) radiation and processed with the Diffrac-Plus-Eva program. A transmission electron microscope (TEM) operating at 100keV accelerating voltage was used for the microscopy study. TEM samples were prepared from ethanol suspensions and placed on copper grids. HR-TEM was performed in a TECNAI ST G-20 equipment operating at 200keV. Catalyst´s samples were in situ pre-treated under helium flow (50cm 3 .min -1 , 100kPa pressure) at 650ºC with a heating rate of 10ºC/min before reaction. Catalytic activity was followed in a continuous flow system (quartz reactor) flowing both reactants (CH 4 and CO 2 ) at nearly atmospheric pressure (100kPa). Analysis of CH 4 was carried out with gas chromatography (Varian 3700 GC apparatus) with a flame ionization detector (FID) and employing a Porapak R packed column at 50ºC. Catalytic activity was reported as mmols methane converted by time and catalysts weight. Reaction conditions were the following: 150mg catalyst sample, 80cm 3 .min -1 flow of CH 4 and CO 2 (50vol% each reactant), and reaction temperature 650ºC (similar to that of the pretreatment). Activity tests were done in triplicate and the reproducibility was better than 5%.
RESULTS AND DISCUSSION

Methane Conversion and XPS Analysis
Fig. (1) shows the catalytic activity of Ni/AC and NiCa/AC. Initial activities are very similar with 11.7 and 10.3mmols.min -1 .g cat -1 for Ni/AC (Fig. 1A) and Ni-Ca/AC (Fig. 1B) after 24h reaction. This is a deactivation of 90% and 70% relative to initial activities for Ni/AC and Ni-Ca/AC, respectively. In a previous work [10] , we showed that catalytic activity of Ca/AC is negligible [10] . Therefore the present results suggest that calcium, in the form of CaO or CaCO 3 [10] , would play a promoter role in the present bimetallic system, as has been earlier reported [3, 6] . Activity of Ni-based catalysts can be explained from changes in Ni +2 binding energies detected in Ni 2p region from XPS. It can be seen from Fig. (2) that in comparison to the crude catalyst the binding energy of nickel in Ni-Ca/AC decreased about 2 eV (from 855.8 eV to 853.9 eV) after He pre-treatment. By contrast, we showed [10] that in absence of calcium, the binding energy of Ni +2 , for Ni/AC, only decreased in about 0.9eV after He pre-treatment. The role of electron donors of CaO and CaCO 3 is well-known [15] and the present result suggest that calcium phases would induce an easier reduction of Ni +2 to lower oxidation states, probably by its interaction with carbon atoms from support [8] . However, the peak found for the binding energy of nickel (853.9 eV) in Ni-Ca/AC catalyst after He pretreatment does not correspond to a full reduction to elemental nickel since the binding energy of Ni 0 is about 852eV. It can be inferred from XPS results (Fig. 2) , that a Ni phase richer in electron density was formed during pre-treatment, probably a mixture of elemental nickel and nickel carbide phases, in the form of NiC or Ni 3 C. These metallic carbide phases can be deduced from XPS spectra of C1s region (Fig. 3) . Fig. (3A,  B) present the Gaussian analysis of carbon main peak after He pre-treatment at 650ºC by 1h and after 90min reaction, respectively. After helium pretreatment, besides a signal about 286.4eV attributed to cyclic ether groups (-C-O-C-) on the surface of activated carbons [11] , another signal about 283.9eV was also detected (Fig. 3A) . This signal has been attributed by Mirodatos and co-workers [16] to a nickel carbide phase Ni 3 C. These authors showed that nickel carbide-like layers are formed in the initial period of reaction of dry methane reforming. After 90min reaction (Fig. 3B) the intensity of this signal increase and another signal is also detected about 282.6eV and attributed to carbon filaments [16] . We propose, in agreement with Mirodatos [16] that a mixture of reduced nickel and Ni 3 C are responsible for the initial conversion of methane on Ni-Ca/AC catalyst. Fig. (2) . Changes in XPS spectra in Ni 2p region Ni-Ca/AC catalyst.
Texture and Crystalline Phase Characterization
N 2 adsorption-desorption isotherms for AC and NiCa/AC catalyst before and after He pretreatment are shown in Fig. (4) while Fig. (5) shows the N 2 adsorption-desorption isotherms of Ni-Ca/AC catalyst after 45min and 90min reaction. We have chosen these reaction times to characterize the changes in textural properties because in a previous work about ethylene hydrogenation reaction [9] we found that the most important changes on the catalytic activity of NiMo/AC and on nickel crystalline phases occurred during the first 90min reaction. All isotherms in Figs. (4, 5) showed a micro-and mesopores framework and they seem to be an IVtype adsorption isotherms by the hysteresis loop observed. A summary of Langmuir surface area, micropore area, pore volume and mean pore diameters is shown in Table 1 . Therefore, we suggest that carbon deposits formed during reaction clearly affects the global texture of Ni-Ca/AC catalyst. Carbon deposits would be produced primary, from methane disproportion (CH 4 C + 2H 2 ). In addition, since CO is one product reaction, carbon nanotubes could be formed from carbon monoxide disproportion [17] . However, carbon nanotubes are typical mesoporous materials with a relatively low surface area between 100m 2 .g -1 up to 250m 2 .g -1 [17] . Therefore, is neither possible that an increase in one order magnitude in the surface area in the present work can be due to carbon nanotubes nor to the clean of the internal surface of activated carbon because its surface area is about 907m 2 .g -1 which is clearly lower than 2405 m 2 .g -1 . Therefore, to explain the present results we suggest an in situ activation of carbon deposits by gasification with CO 2 according to the reversal Boudouart reaction (C + CO 2 2CO) [18, 19] . The overall reaction pathway would involve the adsorption and cracking of methane and CO 2 adsorption to react with carbon deposits as suggested by Xiao et al. [20] . The present results are also in agreement with Laine et al. [21] whom reported the addition of a micropore framework to a parent Nisupported activated carbon catalyst by carbon deposits formed from methane and ethylene decomposition.
XRD patterns (Fig. 6) of Ni-Ca/AC catalyst show the characteristic (012) plane of NiO phase at 2 = 43.3º in the non pretreated catalyst (Fig. 6A) . This phase is also observed after pre-treatment (Fig. 6B), after 45min (Fig. 6C) and 90min reaction (Fig. 6D) . This peak could overlap the peak of Ni crystallites (111) reported by Li et al. [12] but we did not detect a clear reduction in the oxidation state of nickel from Ni +2 to Ni 0 (Fig. 2) . However, two new diffraction peaks at 2 = 52.0º and 2 = 77.0º can be observed after helium pretreatment (Fig. 6B) . These peaks were attributed to a mixture of Ni crystallites [12] and nickel carbide phases NiC and Ni 3 C. The formation of these crystalline phases from the interaction of NiO with activated carbon has been already reported by our group [8] in a work related with ethylene hydrogenation on Ni-Mo/AC catalyst. The formation of nickel carbide in the Ni-Ca/AC catalyst can be explained taking into account that Ca atomic radius is larger than that of Ni (2.35 vs 1.24Å), then nickel particles would diffuse easier through AC micropore framework to the external surface, and once there these nickel atoms would react with carbon atoms from support or from carbon deposits formed during reaction. This interaction between NiO and C atoms leads to elemental nickel and nickel carbide crystallites, in agreement with results reported by Bai et al. [7] . As expected, CaO diffraction peaks were not detected in XRD patterns because the calcium composition in catalyst is only of about 1wt%, and therefore it is diluted by the AC support. A comparison between the percentages in weight of elements constituting Ni-Ca/AC catalyst is compiled in Table 2 . It can be seen that Ni/C atom rate decrease from 0.092 to 0.029 for non-pretreated and pretreated catalyst, respectively and this value remains practically constant after 45 and 90min reaction. These results suggest that the interaction between Ni-catalyst and carbon could occur not only with carbon atoms from support but also from carbon atoms from carbonaceous deposits leading to a dynamic formation of Ni 3 C along the reaction. It should be considered that though Ni 3 C can be formed at low temperatures it is not thermodynamically stable at high temperatures and therefore it is expected to decompose into C and Ni. A more detailed XRD and in-situ XPS studies would be necessary to come to a conclusion of the real influence of Ni 3 C phase on catalytic activity of Ni-Ca/AC.
Carbon Deposits and Morphology
Fig. (7) shows a TEM image of Ni-Ca/AC catalyst pretreated under He flow at 650°C for 1h. A metallic phase with different sizes on AC surface (indicated with black arrows and white circles) can be observed. TEM image from Fig. (8) shows a clear change in the morphology of catalyst with the appearance of carbon nanofibers with external diameters of about 30nm. These fibers consist of curved and hollow multi-walled carbon nanotubes (MW-CNT) with an internal diameter around 7-10nm. Also in Fig. (8) , nanoparticles of different sizes inside and at the CNTs tips were detected. These particles would be mainly composed by different nickel crystallites phases, as discussed above from XPS and XRD studies. Comparison of TEM images in Figs. (7, 8) suggest that crystallites diffused from the external surface of AC (Fig. 7) along CNT (Fig. 8) . After 90min reaction, TEM image ( Fig. 9) showed that crystallites change into a homogeneous distribution of Ni nanoparticles between 10-20nm sizes. In agreement with the acceptable stability of NiCa/AC catalyst which suffered a decrease in activity of about 70% after 24h reaction relative to the initial activity (Fig. 1) , this highly dispersed Ni nanoparticles distribution would inhibit sintering of catalyst. This distribution could be formed from the fragmentation of nickel particles along the filament growth, with the concomitant formation of smaller crystallites. This fragmentation has been attributed to the appearance of various forces influenced by the specific physical and chemical properties of the support [21, 22] . Finally, a HR-TEM study was carried out for the Ni-Ca/AC catalyst after 90min reaction. Nanoparticles (white arrows) with diameters from 5nm (Fig. 10A) to 10nm (Fig. 10B) were detected after this reaction time. It should be pointed out the apparent diffusion of crystallites (Fig. 10C) through several very-well aligned (white arrow) carbon layers. It can be seen from Fig. (10C) that about 10 graphene parallel Fig. (7) . TEM image of Ni-Ca/AC after He pre-treatment at 650ºC, 1h. layers correspond to a separation of 0.5nm/layer. This value is slightly higher than pristine graphite (0.334nm), suggesting that the present carbon deposits would correspond to the specific case of a supermicroporous AC [23, 24] . This feature is in fully agreement with the increase in surface area observed in Ni-Ca/AC ( Table 1 ) that we suggest as the consequence of an in situ activation by CO 2 of carbon deposits formed during reaction. In addition, HR-TEM image from Fig. (10D) showed that this carbon composite have the apparent morphology of carbon nano onions (white circle) [25] . Fig. (9) . TEM image of Ni-Ca/AC after 90 min reaction at 650ºC.
Summary and General Discussion
A summary of the above discussion can be pointed out. In agreement with the proposed mechanism of Baker et al. [26] the nickel nanoparticles are trapped (Fig. 8) because the carbon nanotubes are growing from the particle acting as catalyst. After growth, MW-CNT can be destroyed by the applied experimental conditions, and mixtures of nickel nanoparticles plus carbon are obtained (Figs. 9, 10) . Eventually, this carbon deposits would be in situ activated by CO 2 , with the concomitantly increase in surface area ( Table  1) . Rigorous kinetic studies of activity of Ni-based catalysts in the methane reforming and their selectivity to carbon deposits, hydrogen and syngas have been reported using electrobalance [27] and thermobalance [28] . The results obtained in the present work are in agreement with these studies because in the experimental conditions of the present work (650ºC, 1atm) carbon dioxide is able to react with the carbon deposits formed by the methane cracking reaction. In addition, strong Lewis bases as CaO or CaCO 3 not only can play a promoter role as have been early reported [1] [2] [3] [4] but also clearly influence the balance of reactions involved during dry methane reforming [28] or steam/dry methane reforming [27] and therefore, the selectivity to coke and hydrogen. Therefore, present enforces are aimed to verify the influence of physicochemical properties of activated carbon and different types of promoters on changes in activity, selectivity and stability of Ni-based catalysts during dry reforming and catalytic cracking of methane. 
CONCLUSIONS
Changes in textural properties and morphology of NiCa/AC catalyst were verified during dry methane reforming. An increase in one order magnitude in surface area was detected and it was attributed to in situ activation by gasification with CO 2 of carbon deposits formed during reaction. HR-TEM showed diffusion of Ni nanoparticles and carbon-like nano-onions with a separation of graphene layers about 0.5nm which is consistent with the formation of a supermicroporous carbon structure. The present results suggest that introducing CO 2 pulses during reactions, carbon-supported Ni-Ca could be employed as potential catalysts for methane and other hydrocarbon reforming reactions. Our present enforces are aimed to the study of oxidation of light hydrocarbons such as ethane, propane and so on, and small organic molecules like alcohols under mild experimental conditions, mainly at low temperature and atmospheric pressure.
